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SUMMARY 

A comprehensive survey and literature search Is made of the general 

field of wings operating in ground effect and related phenomena.    Com- 

ments are included of some of the papers  published,   to present a sketch 

of the methods of approach of a number of authors.    The bibliography 

presents  sources which consider the problem from the theoretical,   experi- 

mental,  and/or applications point of view.    Tables are  included which 

provide a convenient breakdown of the various sources,   for a quicker 

method of locating specific references dealing with an area of special 

interest  to the reader. 

INTRODUCTION 

The application of the ground effect phenomenon to over-surface 

high-speed transportation has created a new technology.    A winged system 

flying in close proximity to the surface  is considered one of the group 

or  family commonly called ground effect machines  (OEM's)  or air cushion 

vehicles.     It may be considered that this new technology is at about the 

same  level of  inquiry as the early aircraft industry was  in 1910.     Further, 

it may be considered that the application of the wing-in-ground-effeet 

(hereafter   called WIG) principle at the  time of this writing  (1965) has 

been reduced to a practical craft  in only a few instances.    Therefore, 

it was  felt that all sources  should be included in a literature review 

which might provide an understanding of this phenomenon and/or its  appli- 

cations.     The selection of sources was made primarily on the basis  of 

direct  interest  to the aerodynamic ist and practicing engineer.    Neverthe- 

less,   the inclusion of entries such as popular articles,   patent descrip- 

tions,  early reports,  and unusual comments is  intended  for general back- 

ground and as assistance to patent attorneys,  aeronautical historians, 

naval architects,  and other interested  individuals.    Generally,  it may be 

said that it is the intent of this bibliography to suggest or support 

initial  inquiry or investigation into the phenomenon of wings  in ground 

effect. 

The bibliography therefore Includes  a comprehensive collection of 

material which covers the theoretical and experimental aspects of the 

WIG.    The search was extended  to include references which show application 



of the phenomenon to practice. This extension gives a liberal Inter- 

pretation of the WIG phenomena, In an attempt to suggest possible ex- 

tension of past engineering concepts  to potential future applications. 

A comprehensive understanding of the WIG would not be complete 

without an accounting for the practice of nature In this area.     One 

cannot avoid realizing that  the flying fish and certain seablrds take 

advantage of the surface effect of the ocean.    Their performance may 

arouse our Interest and perhaps  Indicate methods of near-surface flight 

maneuver and control. 

SCOPE OF THE SURVEY 

An outline of the scope of this  bibliography Is  In order here. 

Generally,   It may be considered that reference made to any form of sus- 

taining fixed surface (airfoil or wing system) which receives or augments 

Its   lift by reason of Its forward motion over a proximate surface will be 

Included here.    Also,  It Is considered that this wing lift may be further 

supplemented by the use of air-jet sealing curtains, which may be con- 

sidered to operate continually or partially during the flight over the 

surface. 

The bibliography therefore contains a comprehensive collection of 

references of  the following air-Jet systems only when they are  In proxim- 

ity to the ground and In forward motion:    Jet Flap,  6ET0L,  and Channel 

Flow Wing   (side jet curtains). 

A review of naval engineering literature reveals  that  the utili- 

sation of aerodynamic lift  to displacement and planing craft Is not 

unknown.     Those sources and descriptions of naval craft and boats  In which 

definite aerodynamic lifting shapes or surfaces are present to assist 

In the reduction of hull resistance are Included In this report. 

There are a few Inclusions  In this report of references on the 

resistance and/or stability of wheeled vehicles moving over a land 

surface.     These few references  are Included because of their description 

of related problems,  especially In wind-tunnel testing techniques over 

a ground board. 

Also searched and Included In this report Is a full  listing of 

sources covering the testing and application of sponsons  or stub wings 

to flying boat hulls.    The stub wing may well be considered an aerodynamic 
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lifting surface when clear of the water. An extension of this system, 

In which a wing may be aided In leaving the water surface by the use of 

the seaplane planing hull, will suggest further applications for practical 

ram wings. 

A system related to the stub wing Is Included. This system has been 

called by NASA the "float wing" or Integrated planing hull.  This ar- 

rangement, which Is well adaptable to ram wing vehicles. Is one In which 

the flying boat planing hull Is faired directly Into the complete wing. 

The wing, which Is somewhat awash when the craft Is at rest, serves as 

the lateral stabilizer for the craft when at rest and when taking off. 

More generally, the hydrodynamlc considerations of the WIG when taking 

off or landing on the water have yet to be fully explored. 

A recent development (which utilizes sldewalls submerged In water) 

Is the captured air bubble (CAB) type GEM. Although It Is not sustained 

over the surface as a pure wing. It may, during high-speed cruise, be 

lifted by the ram pressure as It enters a forward-facing opening, or door. 

The border line between a WIG and a CAB can, at times, be thin. This 

report omits coverage of the CAB, since this development Is still quite 

new and would best be Included among works pertaining to GEM's which 

utilize systems of air-moving machinery for the prime source of lift. 

A patent search was made to uncover references which would indicate 

the application of the WIG and related devices to patent disclosure. 

Here some latitude was given as to what might be considered a WIG In that 

many boats and craft with air-displacing or lifting features were included. 

Generally, only those patents are Included in which the Inventor states in 

some manner that his invention may be fully or partially airborne due 

to certain shapings of the hull or winged surfaces. Certain boating or 

flying systems have been listed which this author feels Indicate distinct 

means for accomplishing close surface flight or transport. The collection 

of patents cited here should not be regarded as a substitute for final or 

professional patent search, however. 

Because of the large number of references listed, it was felt that 

the reader might have difficulty selecting the references of Interest to 

him. Therefore, a supplementary bibliography (Appendix A) has been pre- 

pared, the references of which are themselves bibliographies or reports of 

special Importance; arranged by subject matter. This appendix should be 



considered as an extension of the theme of this bibliography and should 

direct  the reader  to related areas  of Interest. 

These areas of extended Interest are described herewith: 

1. Aerodynamics and Hydrodynamics  of Seaplanes 

If one considers the ram wing operating from the water surface 

as a special case of the seaplane,   then many of the hydrodynamic perform- 

ance reports and Information may be of Immediate value. 

2. VTOL/STOL Aircraft 

The bibliographies list many references for ducted fan, deflected 

slipstream, fan-in-wing, etc., all of which are aircraft operating In 

ground effect. The ability of most of these aircraft to hover excludes 

their reference from the body of this bibliography. 

3. Ground Effect Machines 

As the WIG may certainly be considered to be one of the family 

of GEM's,   then many of the problems and comparisons associated with other 

GEM systems may have application to the WIG. 

4. Hydrofoils 

Bibliographies are.  In part,  Included here for their general 

Interest;   but more  In particular,   for certain theoretical considerations 

In which  the hydrofoil operating In the proximity of the free air or 

water surface may represent applicable problems as encountered also by the 

WIG when operating close to a free surface. 

5. Interface Meteorology and  the Katzmayer Effect 

The operational domain of the applied WIG will.  In all probability, 

be over the water.     This surface Is seldom smooth.    The effect of the wind 

Is to produce waves;  and hence,   the medium (interface)  In which the WIG 

will operate Is not  stable or rigid,  but subject to Irregular motion and 

oscillation.    Hence,  It will become necessary to understand the effect 

of this disturbance  on the aerodynamics of the WIG.    To this  end,   there 

are Included several references with bibliographies on wind-wave studies 

and also references  on the Betz-Knoller or Katzmayer effect.     These 

latter effects concern the apparent change of lift and drag of an airfoil 

when Impressed In such a fluctuating alrstream. 
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6. Automobile Wind Tunnel Air Resistance Testing 

References are Included In the supplementary bibliography for 

those Interested in problems which are suggested by the aerodynamic 

characteristics of wheeled vehicles moving over the ground surface. 

7. Ralmondi Effect 

A primary source with references is included in Appendix A 

covering the Ralmondi Effect.    This effect explains the attraction of 

a circulation towards a boundary or surface and this material may com- 

plement certain theoretical considerations of the W16. 

8. Miscellaneous 

PRESENTATION OF RESULTS 

The references are arranged in an alphabetical order by the prin- 

cipal author's last name.    In the case of more than one entry by an 

author,  it will be found that his earliest contribution will appear first 

in the listing.    In the instance where a group or company is responsible 

for the authorship of a publication,   then the known name of the organi- 

zation will be alphabetically placed.    References consisting of cotmnents 

or photographs are entered into the listing alphabetically, usually by 

subject matter or description. 

A series of tables is included which provide an insight into the 

references.    With these tables it becomes possible to search out a 

combination of subjects or interests  to a number of specific sources. 

By scanning across the appropriate columns of descriptors,  the scope of 

a particular reference may be quickly revealed and understood. 

Table 5 describes the structure or presentation of a reference. 

This usually will be found helpful in assessing the extent of detail pre- 

sented and the availability of the source.    Note that there is one category 

in which the references may be cited as generally unavailable.    This 

category is intended to single out references which have security classi- 

fication or are generally considered to contain material proprietary to 

a particular company.    This group also covers papers that are currently 

unpublished for one reason or another; but which probably could be ob- 

tained by some effort.    Another category is cited in which the references 

were not examined by the author because of their immediate unavailability 
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and the lack of time required to search them out. The reader may 

therefore only know of their existence, sense their content from the 

title and hope to have better access to sources In this last category. 

CONCLUDING REMARKS 

Upon reviewing the bibliography» it was decided that the tabulated 

reference listing against descriptors was an excellent means to under- 

stand the content of a source which dealt with matters of experiment and 

application and, generally, for most works of a theoretical nature.  The 

review of experimental work on wings in ground effect from the initial 

tests by A. Betz (1912) to the present date reflects only a few narrow 

avenues of Interest in spite of the bulk of material available. Gener- 

ally, the experimental data available fall into these groups: 

1. Exploratory tests. 

2. Tests made to substantiate theoretical investigations. 

3. Forces and moments on aircraft wings during landing and taking 

off. 

4. Renewed investigations  in the light of current applied ram- 

wing interest. 

However,  many of the theoretical works were felt to be of such a 

basic and often unique nature that  the tabulation often could not express 

the Intent or method of the author.    To clarify the theoretical back- 

ground and to suggest a directed evolution of WIG theory.   It was decided 

to abstract, at this point, all theoretical and truly contrlbutorv 

papers available In a chronological manner.    Those theoretical papers con- 

cerned with the wind-tunnel ground Interference correction have not been 

abstracted here. 

A review in Appendix B of the theoretical treatment of VIG's indi- 

cates  that the authors working in the last  ten years apparently were not 

aware of the magnitude of the field as reported here.    Now that the present 

review is available,  it could prove the basis  for much fruitful work, 

resulting from the cross-fertilization of individual ideas presented 

herein. 

A synthesis of the available Information on WIG's should be made. 

In particular,   it is  important to make an assessment of the ranges of 
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the ground distance parameter h/C for which each three-dimensional theory 

holds.    The closer to  the ground one wishes  to consider,  the more singu- 

larities  are required.    Also, very close to the ground,  linearization is 

not permissible, whereas this is permissible for the unbounded case. 
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APPENDIX B 

SURVEY OF THEORETICAL PAPERS 

Selected theoretical papers  listed In the main bibliography are 

discussed briefly.    Only the nur.ber of the entry and the author's name 

are used to identify each paper. 

[32]        Betz - In many bibliographies,   this  paper is credited as being 

the first "theoretical" study of airfoils  in ground effect. 

This is not the case;  the paper is limited to reporting experi- 

mental results of drag reduction and lift Increase associated 

with the ground effect.    It is,  in fact,  the first experimental 

report on the subject. 

[31]       Betz - In this paper,  the analogy between a wing in ground ef- 

fect, which can be replaced by a wing and the image wing with 

respect to the ground, and a biplane wing is recognized.    The 

paper has,  otherwise,  only historical  interest, since  it precedes 

the publication of Prandtl's lifting-line wing theory by five 

years. 

[352]     Wleselsberger - This is the classical elementary treatment of 

the effect of the ground on a wing of finite span which can be 

found in most books on aerodynamics.    One replaces the ground 

by an image wing,  symmetrical to the true wing with respect to 

the ground, and then calculates the interaction of the image 

wing and the actual wing by means of Prandtl's lifting-line theory. 

The calculation is  similar to that used  to determine the drag of 

a biplane from the drag of a monoplane. 

».v 
Wing 

n / /1/ / /1 /11 n inj} in ] 

k/2 ^^"y ^      ^ 

t_-^ 
Image 
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The resulting direction of the flow on the wing (Indicated by v') 

Is found by the geonetrlc addition of the original direction of 

the velocity v and the vertical velocity w,,' due to tho Image 

wing.  The Induced drag near the ground Is smaller than at a 

higher altitude, since w. ' Increases to a maximum from a value 

of zero far from the ground. 

The change In drag due to the ground Is given by: 

b/2 

W' -I 
-b/2 

v 
dA 

where w^ ' Is given,   from Prandtl's theory,  by: 

2A 
w 11 TTpVb* 

where A Is the lift, v Is the velocity, b Is the span, and z Is 

the distance between the two wings, which Is related to h/b. 

The value of the above Integral can be determined numeri- 

cally for different values of h/b and the result expressed by the 

Influence coefficient a , such that 

AC - - o _L- 
D     b2/S 

where S Is the wing area and C and C_ are the lift and drag 
Li        D 

coefficients, respectively. 

The change of angle of attack of the wing, due to the ground, 

can be expressed as , 

Aor » - o 
TTb8/S 
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Therefore, the Influence of Che ground on the wing of 

finite span Is equivalent to an Increase in aspect ratio. 

Calling & '  the aspect ratio near the ground and A   that far 

from the ground, one has : 

A'  - A 
1-a 

Later investigators have devised other empirical formulas 

relating a to h/o; for example. 

1+5.3^ 
forl5 iJ   <   i 

b 4 

[125]  Glaucrt - dauert modifies Wieselsberger's theory by assuming 

that the velocity induced by the image wing on the real win? 

must be measured at the center of the wing, but locates the 

bound vortex of the image wing at the center of pressure of 

the wing. There results a correction term on the circulation 

as compared with Wieselsberger's case. 

[35]   Bonder - This is the first sophisticated theoretical investi- 

gation of flight near the ground. It makes a conformal trans- 

formation of two opposite wing profiles separated by a plane 

of symmetry (the ground) into two adjacent cylinders.  The 

calculations are complicated and do not lead to practical nu- 

merical expressions. A similar technique was used later on by 

Müller (Reference 227) and Tomotika (Reference 325). 

[227]  Müller - A series of lenticular or airfoil shapes, symmetrical 

with respect to a plane simulating the ground, are transformed 

into circular cylinders, as was done in Reference 35 by Bonder, 

using two successive conformal transformations (the conformal 

mapping theory of Ferrari). The lift over the airfoil is cal- 

culated and leads to results apparently difficult to reconcile 

with experiments; e.g., that the lift decreases when the air- 

foil is close to the ground. 
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[279]  Rosenhead - The problem of continuous flow past a flat plate 

of infinite span between plane parallel walls Is solved exactly, 

using all the mathematical apparatus later used by Tomotlka 

and others in the ground effect problem, in which one of the two 

parallel walls is removed.  The paper Is therefore of Interest 

because of its mathematical foundation, not because of its 

results. 

[311]  Tani 

1. Two-Dimensional Analysis - A plane wing having infinite 

span and chord c is placed near the ground, at an angle of 

attack a ,  free-stream velocity V, and the height of the quarter- 

chord point H. 

The circulation around the wing is given in the form: 

F »nnVcsina o 

where n represents the change in circulation compared with 

that of a wing placed far above the ground. 

The chordwise vortlclty distribution is assumed (following 

Birnbaum) to be: 

V I?! + •i/l"? + «a 5 /^f 

The terms a  ,  aj,   a2  are determined from the assumption that 

the velocity normal to the chord  is zero at  three points: 

§ - -1,  0,  and 1 

To satisfy the boundary condition at the ground plane,  an 

image wing is introduced with vortlclty distribution: 

, /-    ;> /   .       ,- .A ,a 
Y   ■    - a bv 1+? 7    - *Jl-t'2    -    a8  5//lV 

from which n can be calculated as : 

ao 
2V sin a    T 4V sin a o o 
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2.    Three-Dimensional Analysis - The velocity on the wing 

due Co the wing itself is calculated assuming an elliptical 

circulation distribution, while the velocity induced by the 

image wing is calculated by assuming a uniform circulation 

distribution across the image wing. 

[326]      Tomotika - This is the first attempt at a fairly rigorous 

mathematical treatment of the problem of the calculation of 

the lift of a flat plate placed in a free stream,  in the 

neighborhood of a wall. 

The system of the flat plate at an angle of attack and 

the ground is transformed by three successive conformal trans- 

formations  (previously used by Rosenhead  (Reference 279) into 

a ring region,  in which an analytic function satisfying the 

boundary conditions of the problem can be found,  using one of 

Villat's formulas  (derived in 1912).    The conformal trans- 

formations involve:  first,  the Schwarz-Christoffel method; 

second,the Weierstrass P-function; and,  third a logarithmic 

transformation.    Once the complex velocity potential is  found, 

the lift is calculated by means of Blasius*  formula.    The 

answer is obtained in series  form. 

[320]      Tomotika - The problem treated in this paper is mathematically 

the same as that of Reference 326; however,  the ground is above 

rather than under the wing.    The problem is of some academic 

interest. 

[78]        Da'twyler - Dätwyler solves several theoretical problems. 

One of these is  that of the two-dimensional flat plate touching 

the ground on one side.    The solution is obtained by conformal 

mapping,  using the Schwarz-Christoffel method.    He calculates 

the lift on the plate directly, without needing Blasius*   formula. 

Another problem is that of the plate at right angles  to the flow 

with an edge close to the ground.    Finally, Da'twyler gives an 

approximate method of calculation &* the lift for a symmetrical 

wing which uses the image theory. 
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[319]  Tomotika - Following some of Da'twyler's experimental results 

(Reference 78), Tomotika found it necessary to make additional 

numerical calculations In the theory of Reference 326, to 

verify Da'twyler's results.  It was found that the Tomotika 

theory was In agreement with there results. 

[52]   Carafoll - The author uses a simple method (two-dimensional), 

replacing each wing by a bound vortex and giving the complex 

potential for the two vortices. The relative flow velocity at 

the wing can be calculated, showing a decrease In circulation, 

due to the decrease in velocity at the wing. 

This analysis, like Müller's, is contrary to experimental 

evidence. No change in drag is predicted.  Replacement of the 

airfoil by a line vortex is Justified only in the case where 

the distance between the airfoil and the ground is too large 

to be of practical Interest. 

[341]  von Kirman and Burgers - The Interaction of a single vortex 

line of infinite extent representing a wing with a free boundary 

is treated by applying the condition that the pressure at all 

points of the boundary has the sanr.e value.  The condition is 

that W , horizontal velocity at the boundary, is equal to zero. 

This is accomplished by taking the image vortex and changing 

the direction of its circulation, as compared with the solid 

boundary case. 

/////// ////// 

rO 
Fixed Boundary Free Boundary 
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[321]      Tomotlka and Imal - A rigorous  mathematical analysis  Is 

developed for the hydrodynamlcal problem of calculating the 

lift  on a flat plate placed  In a two-dimensional continuous 

stream of fluid which is bounded by a free surface on the  lower 

side of the plate.     The conformal mapping formulation of the 

problem is exactly the same as   for the basic problem of Ref- 

erence 326, since for both a free and a fixed surface the 

stream function is  constant.     In the latter case,  for further 

calculations,  one uses  the  fact   that the angle between the 

fixed surface and the direction of the velocity  is known.     In 

the former case,  it  Is known that the magnitude of the fluid 

velocity along the  free surface  is constant and equal  to the 

free-stream velocity. 

Numerical calculations  for this problem are very long and 

tedious.    It is shown that,   for values of angles of attack 

from 10° to 15°,  the  lift  Is increased a small  amount because 

of the presence of the free surface when the distance of the 

plate  from the surface  is of the same order of magnitude as 

the breadth of the plate. 

[322]      Tomotlka and Imal -  The moment  of the fluid pressure acting 

on a plate is calculated when the plate is placed  in a semi- 

infinite stream bounded by an infinite wall on the  lower side 

of the plate.    Only the flow with circulation around  the plate 

is considered,  and  the value of  the circulation  is so chosen 

that  the flow leaves   the  trailing edge of the plate smoothly. 

The conformal mapping calculation is  the same as   in Refer- 

ence 326.    The moment  is calculated using Blasius*   formula. 

These theoretical results  lead us  to expect  that: 

1. The center of pressure of a plane airfoil moves toward 

its midpoint for any value of the angle of attack as the air- 

foil approaces the ground. 

2. The moment of the resultant pressure about the midpoint 

of the airfoil decreases because  of the interference of the 

ground when the angle of attack assumes large values;  but,   on 
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the contrary, when the angle of attack Is small,   the moment 

increases because of the effect of  the ground as  the airfoil 

approaches sufficiently near the ground. 

[324]      Tomotika and Imai -  In this paper,   Oa'twyler's method of 

calculating the lift and the moment of an airfoil when it 

touches   the ground with its trailing edge is re-derived.     It 

is also shown that Da'twyler's analysis  is a limiting case of 

the analysis of Reference 326. 

[313]      Tani,  Taima and Simidu  -  This  paper is an extension of the work 

of References 254,  255,   and 256.     It treats both two- and three- 

dimensional cases.    In the two-dimensional case,  a chordwise 

distribution is assumed,  as  in References 254,  255,  and 256. 

The aim of  the study  is  to find out   (a)  the effect  of bound 

vortices  of the Image wing (these were disregarded  in Refer- 

ences 311 and 352,   for  example)  and  (b)  the effect  of wing 

thickness.     It  Is reasoned that  the vortlclty distribution of 

Reference 311 is equivalent to the  introduction of a point- 

vortex of circulation F and a componpnt donMot of vertical 

moment  F sin 6.    Therefore,  the thi     jess c   > be expressed as 

a component doublet  of  longitudinal    a^acnt  f cos  6.     Further 

one has : 

F cos   6 - -O.o V e ca       , 

where e is the maximum thickness in teuns of the chord.  The 

thickness effect turns out to cor  .-. -md to a decrease -He 

in the effective angle of attack.  Ir  ae •'  o-dimensional 

case, the effect of the finite length u L  tral1 ng vortices 

of the image wing is considered, äS wel    that ui  the bound 

vortices. A formula is given for summarizing the effect of 

ground on the effective angle of attack for a wing of finite 

span. 

[327]  Tomotika. Tamada, and Salto - This paper is a further exploi- 

tation of References 326 and 320, where the attention is 

focused on the variation of circulation with ground distance 

rather than on the variation of lift. It is found that the 
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circulation Is greatly affected by the presence of the 

ground.    Comparing the curves for the circulation with the 

corresponding curves  for the lift  found in References 326 

and 320,  it is found that the variation of the lift of the 

plane airfoil due to the ground is,  for the most part, 

attributable to the variation of the circulation of the 

airfoil. 

[152]      Hudlmoto - The problem of the effect of ground interference 

upon an airfoil with a circular-arc section when the circle 

of this airfoil Intersects or touches the surface of the 

ground  is treated.    By two successive conformal transforma- 

tions,  Involving the Welerstrass P   and  £ functions,  the region 

outside the circular arc and the straight line is  transformed 

into a rectangle.    Then the velocity of the flow of the per- 

fect fluid is determined; and hence,  the lift and  the moment 

of the lift acting on the airfoil are calculated by Blasius1 

formula. 

[323]      Tomotika and Imal - This paper complements and extends earlier 

work by de Haller,  "La Portance et  la Trainee Induite Minimum 

d'une Alle au Volsinage du Sol"  [89]. 

The problem is the same as  that of Reference 132.    However, 

because the trailing edge of the airfoil touches the ground, 

the conformal transformation is much simpler.    One can use the 

Schwarz-Christoffel method.      Thus,   the expression for the lift 

and moment can be found rigorously.    By carrying out detailed 

numerical computations,   the effect of camber on the ground 

effect can be assessed.     It  is  found that the ground effect is 

not greatly modified by the camber of the airfoil.    Hence,  the 

results for plane airfoils seem to be applicable without serious 

error. 

[127]      Green - The forces which are acting on a circular-arc airfoil 

when it is in any position near a plane wall are obtained. 

This  is exactly the same problem as that of Reference 152,  except 
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that Reference 152 Is limited to the case when the circle 

carrying the circular arc  intersects the ground plane. 

(This  is the only practical case,  anyway.)    However,   the 

conformal mapping solution is different, and Green does not 

refer  to Reference 152. 

The complex velocity potential  is calculated by Green in 

the same way as  in Reference 326;   i.e.,  using the Schwarz- 

Christof fel method,  followed by the application of another 

transformation involving  the Weierstrass P-function.     Green 

found that additional conformal transformations useful  for 

the problem had been obtained in 1924 by Hodgkinson and 

Poole.     Green is able to solve,  analytically,  the most gen- 

eral case of the circular airfoil near the ground and to 

prove  that both References  152 and 326 were limiting cases 

of his general case. 

[329]      Tomotika, Urano,  and Hasimoto  - This  paper is a follow-on 

to Reference 323;  there is no additional theory.    The purpose 

of the paper is to show that,   in Reference 127, Green had 

arrived at wrong numerical results concerning lift and moment 

coefficients.    It is shown numerically that,  for small angles 

of attack,   lift and moment coefficients of a circular air- 

foil are greater when the airfoil touches  the bounding wall 

than when it is far from it.    Green had been claiming  the 

opposite result. 

[128]      Green - The problem of the fairly general airfoil in the 

presence of a plane is treated, using the simplest possible 

approach. The method is original and has been used by many 

subsequent authors,  and will therefore be summarized here. 

The airfoil in the complex Z-plane  is obtained from a 

straight line of length 2n in the complex £-plane by means 

of the  transformation: 

00 

"1 : 
n*o 
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The airfoil Is placed  In the vicinity of a plane rigid 

wall.    The fluid at infinity flows parallel to the wall with 

a constant velocity c,  and there is a circulation K B 2n A ' o 
around the airfoil. 

A suitable complex velocity potential which makes  the 

boundary wall a streamline was  found by Green to be: 

W - cZ + iA     {log Z  - log(Z + 2ib)} o 

r   oo 

+ <i ) 

An    .        An 

/      -n n 
.n-1    z (Z + 2ib)n 

where Ä    denotes the complex conjugate of A    . n r •* 0 n 

Forces and moments can be computed by Blasius1   formulas. 

The coefficients A    are determined by satisfying the boundary 

conditions at the surface of the airfoil.    The circulation is 

determined  in the usual way,  by assuming a stagnation point 

at the trailing edge.  The circular-arc airfoil is  treated as 

a special case.    The numerical solution for the lift on the 

airfoil is  given in the form of a series,  for which only the 

first  three terms could be obtained,  so that results must be 

accepted with caution. 

[328]      Tomotika,  Tomada, and ümemoto - The paper is concerned with 

the same problem as is treated in References 127 and 152: 

lift and moment of circular airfoil placed in a stream bounded 

by a plane wall.    The study is more thorough than that of 

Green  (Reference 127) and  follows  the mathematical outline of 

Hudimoto  (Reference 152).     It  is found  that, when the camber 

of the airfoil is small,  the effect of the wall on the lift 

and moment is similar to that for an airfoil in the  form of 

a flat plate; namely, as the airfoil approaches the wall,  the 

lift and moment coefficients  first decrease and then  Increase 

to values which are greater than the corresponding values 

for a circular-arc airfoil  In an unlimited stream. 
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[325]  Tomotlka. Haslmoto. and Urano - The forces acting ^i» «n 

airfoil of approximate Joukowskl-type In a stream ibonnded by 

a plane wall are calculated by using the method of .mages and 

a conformal transformation technique.  The airfoil and Its 

Image are transformed into two cylinders, as was previously 

done by Müller (Reference 227).  In other words, the cylinders 

are transformed into a rectangle by means of the Weierstrass 

P-function. 

The paper is more precisely concerned with a study of the 

changes caused by the thickness of an airfoil on the ground 

effect than upon its lift.  It is found that, at small angles 

of attack, the lift on the airfoil is generally increased by 

the presence of the ground, but the rate of Increase of the 

lift with distance above the ground becomes smaller as the 

thickness of the airfoil increases. 

[117]  Fujikawa - In this paper, the lift on the symmetrical 

Joukowski airfoil of small thickness in the presence of a 

plane rigid wall is obtained in the form of a power series, 

limited to the first five terms, for the purpose of deter- 

mining the manner in which the ground effect on the lift of 

an airfoil is modified by its thickness.  The calculation of 

the lift is carried out, using Green's analysis of Reference 

128. 

It is found that, at small angles of attack, the wall effect 

on the lift is quite similar to that in the case of a plane 

airfoil and further, it is found that, for a given distance 

of the airfoil from the wall, the wall effect on the lift de- 

creases as the thickness increases, even for small values of 

the angle of attack. 

[118]  Fuj ikawa - Green's method of Reference 128 is applied to the 

evaluation of the lift acting on a circular-arc airfoil in the 

presence of an infinite plane rigid wall.  The expression for 

the lift is obtained in the form of a power series. After 

performing detailed numerical calculations, a discussion is 

presented on the manner in which the ground effect on the lift 

of an airfoil is modified by its camber. 
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It  Is  found that,  In accordance with the prediction made 

by Tomotlka  (Reference 328),  as  the arc-alrfoll of sufficiently 

smaller camber approaches  the wall,   the lift first decreases 

and  then tends  to Increase  to values which are greater than 

the corresponding values for the same arc-airfoil In an un- 

limited stream,  especially when the angle of attack is small. 

It  is also found that  the rate of Increase in the lift becomes 

smaller as  the camber of the airfoil  increases. 

[23]       Bag ley - A simple method of calculating the pressure distri- 

bution in incompressible flow on two-dimensional airfoils of 

arbitrary section near the ground is developed.    The method 

used  is essentially that of Tanl  (311 and 313); but an extended 

source distribution is used to represent ;:he airfoil and  its 

image instead of the two doublets used by Tanl.    A distribution 

of vortices  on two parallel lines  is used to represent the air- 

foil at incidence and Its image.     The velocity field due to 

such a distribution has been tabulated by Kuchemann and Weber 

and  is also presented in this paper.    The closed-form solution 

of Reference 325 indicates that  the velocity distributions agree 

within about 5 percent.    Comparison with a series of experimental 

measurements on a 10-percent-thick RAE 101 airfoil at distances 

between 0.5 chord and 0.73 chord from the ground also shows 

that good agreement is obtained,  provided allowance Is made for 

the boundary layers on the airfoil and on the ground board. 

[38]       Braunss.  G.  and Lincke, W. - This paper appears  to be a summa- 

rized version of a publication of the same title prepared  in 

1960 as a report of the Proceedings of the Aeronautical Insti- 

tute of Darmstadt  [39].    The authors  treat the problem of 

the aerodynamic characteristics  of .i flat plate near the ground 

Immersed in an incompressible two-dimensional flow.    The problem 

has been treated,  using conformal mapping techniques,  in Refer- 

ences 326, 322, and 324.    It is  treated here using Hunk's classical 

thin airfoil theory;  i.e., distributing singularities.  In the 

form of a vortex distribution of strength y(x) along the fiat 

plate. 
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The relationship between the Induced normal and tangential 

Locitles V    and Vfc at a po: n t 
strength Y(X)  is as  follows: 

velocities V    and V^ at a point x   on the plate and the vortex n t o 

o 

W ■  In J   Y(x) ^«»V dx 

where 

e(x,xÄ) 

and 

T(X, XO) 

2h    sin a - x   + x cos 2a o o   

(2h   sin a - x   + cos 2a)a + (x sin 2a - 2h   cos a)' o o o 

x sin 2a - 2 h    cos  a o 

(2h    sin a - x    + x cos 2a)3 +  (x sin 2a - 2h   cos a)' >    o o o 

where the length of the plate is unity.     The coordinate along 

the plate measured from the leading edge  is x,  the angle of 

attack is a,  and the distance between the ground and the quarter- 

chord point  is h    . 

If V    is  the free-stream velocity,   the two boundary conditions 

on the plate can be written as: 

V^sin a+ Vn(xo) = 0 

V« sin a - -*- J V(x) [^7^   ♦    e(x,x0) J dx 
o 

Letting 

x ■ %(1 - cos 0)    ;    x      - ^(1 - cos  ^) 

the vortex strength is written, classically: 

v-2 v. [(Ao + 8ln ^ ii^ + 5;AuSln„0] 
u-1 
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Hence» by substitution: 

A0  [1 + Q(*)] - y   Ay^os u+ 
v-1 

-sin orQ«,) 

where 

Q(t)  " J    «(0»  ♦) C1 + cos   0) d0 

T (i|/) = J      6(0,   ^) sin 0 sin u0 d0 

Using the proper approximate expression for T (tjf), one can 

calculate the coefficients A    by Fourier series  Integration. 

Computers are useful  for numerical solutions. 

[l] Ackermann» U.  and Bock.   G. ■ In Reference 38,  a two-dimensional 

airfoil near the ground  Is represented by a continuous vortex 

distribution.    This mathematical representation does not allow 

for a tractable extension to the three-dimensional case.    The 

purpose of the present paper Is,  therefore,  to simplify as much 

as possible the representation of an airfoil In ground effect 

by Investigating the correctness of the approximation made In 

replacing the wing section by a model of two vortices, which 

gives exactly the lift and the center-of-pressure position of 

a plate with Incidence and parabolic camber In free  two-dimensional 

flow.    By means of this  simple model,  and using classical thin 

airfoil theory,  the flat plate Is Investigated In two-dimensional 

flow near the ground.    Numerical calculations were made for 

three different vortex control point locations shown in the 

figures.    Here    £ , and   §3 are the distances of the control 

points and x1 and x3 are the distances of the vortices from 
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the leading edge of the airfoil  (the chord length Is unity). 

In the three cases, designated a, b, and c, the values of 

0   = Xj + Xg are 0.5,   1.0, and 0.75, respectively. 

x8     §a 

0 

Case b 

Case c 

Case a 

0.5 1.0 

Distance from L. E.  of Airfoil 

A comparison between the results of the calculations with 

those of Reference 326,   Indicates that the two-vortex approxi- 

mation using $ ■ 0.75 Is very useful In a wid^ domain of appli- 

cations. 

[207]   Malavard, L.   - Two-dimensional flows around airfoils placed In 

the Immediate vicinity of the ground are analyzed  theoretically 

by means of the electric analogy.    The advantage of the electri- 

cal analogy method is that is allows ~ rigorous solution of the 

problem, which is necessary because Malavard feels  that the 

assumptions of small disturbances in which second-order pertur- 

bation terms are disregarded does not hold very near to the 
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■MM 

ground. He states that the theory of Reference 305 Is not 

valid for this case. He proves It as follows: 

The perturbation velocity along the ground Is given by: 

+• 
Ul* " \l   (V8 " ^ ^ "i U« ^ 

where 

V« free-stream velocity 

g 
resultant velocity along the ground 

coordinate parallel to the ground 

u 
g 

V - V 
g   • 

Now, the lift coefficient on the airfoil Is given by: 

CL-CL r T {>)' <■■> 
where 

Lr V c 
i c 

Is the circulation lift coefficient. 

In classical wing theory, one assumes C    = C 
L    v 

Malavard calculates the value of the disregarded Integral 

involving u, in the case of a constant vorticity distri- 

bution along a segment of length c, parallel to and a distance 

h from the ground, as well as for various combinations of 

source and sink distributions, and shows that this term can 

reach 20 percent of the C term at a height-chord ratio 

of 0.05. r 

Different methods of using the rheoelectrlcal analogy are 

described, which make it possible to simulate in an electric 

tank either the velocity potential or the stream function, or 

the argument-function, or the logarithmic potential of the flow. 
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Applications to convex-plane airfoils, Clark Y airfoils 

with or without blowing, and flat plates with flaps are 

indicated. 

The results obtained show that: 

a. The lift of airfoils whose lower surface is plane and 

parallel to the ground generally increase as the distance to 

the ground becomes smaller. 

b. The effect of a light blowing at the trailing edge 

is likely, owing to the blocking effect it generates, to 

improve the lift considerably. 

c. The effect of the ground on an airfoil with a down- 

washed flap is obviously adverse. 

[193]  Lieber. R. M. - The effect of the ground on the lift of a 

wing in ground effect is approximated theoretically by means 

of a singularity method, using networks of finite-strength 

bound and trailing vortices.  For the two-dimensional flat- 

plate wing, comparison made with the known exact solution of 

Reference 326 indicates that a set of finite-strength bound 

vortices can adequately represent the lift of the wing near 

the ground; however, the number of vortices used must vary 

with the distance above the ground. Increasing when one comes 

closer to the ground. 

For the cambered two-dimensional wing, two different 

arrangements of the bound vortices are considered; these are 

believed to bracket the correct results. This method is 

similar to that used in Reference 1. 

For the three-dimensional wing, several networks of bound 

nd trailing vortices are examined and compared with Tani's 

method (References 311 and 313). One calculation includes 

the twist and taper; sweptback and delta wings cannot be 

analyzed by that method. 

[315]  Thomas. F. - A method based on the extended lifting-line theory 

is given, which permits the calculation of the lift distribution 

near the ground for airfoils of arbitrary planform, particularly 
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sweptback and delta wings. The report Is therefore» for 

the three-dimensional case, an extension of Reference 193. 

The ground effect Is taken Into account by tk*  reflection 

method. The velocities Induced by the reflected airfoil at 

the actual airfoil considered are calculated In accordance 

with a method given by K. Gersten (1957 Jahrbuch der 

Wissenschaftliche Gesellschaft für Luftfahrt, pages 172-190). 

The theoretical results are well confirmed by comparative 

measurements on a sweptback wing and a delta wing In the 

Brunswick wind tunnel. Theory and experiment Indicate an 

Increase In the lift curve slope and a decrease In the Induced 

drag near the ground. Apart from these comparative measure- 

ments, ground effects on the position of the aerodynamic center, 

the maximum lift, and the flap effectiveness are Investigated. 

[63]   Chaplin, H. R. and Masters. L. W. - The Induced drag of 

several types of wings In ground effect Is calculated theo- 

retically, in an extension of Wleselsberger's original method 

(Reference 352), by setting up the potential problem in the 

Trefftz plane and solving it using the rheoelectrical analogy. 

The shed vortex system is assumed to trail straight behind the 

wing, and Teledeltos conductive paper is used as the working 

medium. 

For the case of uniform downwash, span-loading distribu- 

tions and effective aspect ratio are measured, as functions 

of height/span ratio, for plane wings, certain end-plated wings, 

and for a wing of which the lateral cross-section is a circular 

arc with its center lying at the ground surface. The results 

indicate that the use of end plates to reduce the ground clear- 

ance is relatively ineffective compared with reducing the 

ground clearance along the whole span, from the standpoint of 

increase in effective aspect ratio. 

[356]  Williams. P. G. - The lift of a two-dimensional wing located 

in ground proximity with a jet flap impinging vertically 

downward, with a large enough momentum Jet coefficient that 

the deflection of the Jet can be disregarded, is solved 
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mathematically by conforraal mapping.    The wing Is regarded 

as a thin plate at zero Incidence,  and the Jet as a solid 

boundary perpendicular to the wing connecting the trailing 

edge to the ground.    This potential  flow problem,  the flow 

of an obstacle In the shape of an Inverted L projecting from 

the ground, was solved by Darwin In 1945,  In connection with 

the design of minimum-drag tip fins.     The form of the solution 

follows. 

The transformation reads: 

™\z(0 - a cn gdn O 
TT L vw   1 - a sn C J 

where d Is the vertical distance of the wing from the ground, 

a Is a parameter, and standard notation Is used for the 

Jacoblan elliptic functions (K Is the complete elliptic 

Integral of the first kind and Z the Jacoblan Zeta function), 

z Is the complex variable In the physical plane, and £ Is the 

complex variable In the transformed plane. 

The complex potential Is: 

w - -Ud . ^(ka - aa)% (1 - a8)^ , 8n C 
TT 1 - a sn Q 

where U Is the free-stream velocity and k is the modulus of the 

elliptic functions. 

Using conventional techniques, the lift can be expressed In 

terms of tabulated elliptic Integrals. The formulas are 

evaluated to obtain a graph of the pressure lift as a function 

of height above the ground. These data are compared with 

previous approximate and experimental results. 

[332]  Toussaint. A. - Two-dimensional wings in ground effect are 

studied by replacing the ground by the image wing and con- 

sidering the system of real wing and image wing as a biplane. 

The wings are assumed to have thickness and camber, and are 

at an angle of attack. Aerodynamic forces on the biplane are 

found by conformal mapping. 
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The results show that, at zero angle of attack, for a 

symmetrical airfoil, the wing In ground effect has a negative 

lift, which depends mostly upon the thickness of the wing. 

Therefore, the angle of attack corresponding to zero lift Is 

positive in ground effect and decreases to zero outside of 

ground effect. The second effect of the ground is to in- 

crease the slope of the lift curve. 

Based on the results of the conformal mapping theory, 

Toussaint proposes the following formulas to represent the 

change in zero-lift angle due to ground effect and the lift 

curve slope, for a symmetrical airfoil, 13 percent thick: 

100 AC, 
V0 

fc\2-5 

-0.6z(f) 

): (SL + 0^)a - 0-025(t)a * 
The expression for the lift is then given by: 

100 Cj    - 100 C  + (K/ f«. 6 a - 0.025 c^ - 0.62 yf j 

In the above equations, the terms are defined as follows: 

c   airfoil chord 

h   height above ground (measured from mid-chord) 

a        angle of attack, in degrees 

Cv   lift coefficient 

In a later publication (Reference 334), Toussaint extends the 

above formulas to any airfoil. 

[255], Pis tolas i. E. 

[256]  IWo- and three-dimensional cases are treated successively. Die 

three-dimensional method is applied as follows: 
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a. Calculate the circulation around the wing as a function 

of the velocity (resultant of the velocity at infinity and the 

induced velocity) at a distance of one-quarter chord from the 

trailing edge  (point k).    The lift is obtained by multiplying 

the component of velocity normal to the chord line by 4 c', 

1    dCL where  i is the chord length and c ' » -r ' -,—    .     (In practice 
Z.    da 

c' mn.) 

b. Replace the wing, for calculating induced effects and 

lift, by a vortex located at the center of gravity of the 

circulation; or place the vortex at a distance l/U  from the 
leading edge (point I), while adding there the proper doublet. 

For the flat plate, the doublet strength is zero, and the 

wing is replaced by a single bound vortex. 

To calculate induced effects, one initially disregards 

angle of attack effects; they can be accounted for, in an 

approximate manner, later on. 

In accordance with the above scheme, one calculates the 

normal velocity V at point k: n 

r    A/2 
V - V sin a + rr- 
n   0 ^     2n 4h3 + f/U 

hence 

niv  a -   r+r n      o 
£/4 

4hs + f/U 

or 

r - r    a + rVieh3) o 

Now the velocity at point I is: 

r 
o   4nh 
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Hence» the lift Is given by: 

or 

/ r \ 

L   -    pniV3 sin or [l - |JJ(1 + ia/16h3) sin a] [l + jes/16hsJ 

L" ' [l "k(1+ l3n6hii) 8ln «][l + ^/16h3] 

These results compare relatively well with those of Tomotlka 

(Reference 326). 

These formulas are extended by Flstolesl to Include the 

effects of angle of attack (In the calculation of V ) and of 

airfoil curvature. Better agreement with Tomotlka's results Is 

then found. 

For the three-dimensional treatment, Flstolesl simplifies the 

problem by disregarding tip vortices and replacing the wing 

and Its Image by a horseshoe vortex distribution» which assumes 

uniform spanwise lift distribution. He finds qualitative agree« 

ment with experiments; In particular, the Increase In lift de- 

creases» when the Incidence Increases» until It becomes zero. 

Flstolesl suggests that the method can be Improved to repre- 

sent elliptical spanwise lift distributions by using Ferrari's 

conformal mapping method. 

[308]  Strand, T.> Royce» W. W.» and Fujlka, T. - Three problems 

relating to the aerodynamic lift theory of high-speed air- 

cushion vehicles are discussed. 
■ 

a.  Two-dimensional airfoil theory 

The ground is replaced by the Image airfoil (zero angle 

of attack). The airfoil and its image are replaced by a con- 

tinuous distribution of sources and vortices extending from 
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leading to trailing edge along the line y m A  (where h Is 

the distance to the ground). The velocity components are 

calculated In the conventional manner, the  boundary condi- 

tion at the airfoil Is expressed as: 

dx y-h    V + u 
'      o 

where 

x   coordinate parallel to the ground 

y   airfoil ordlnate 

utv  horizontal and vertical components of the 
velocity 

V   free-stream velocity 
o 

The problem is linearized by assuming that u(x»h) « V and 

hence disregarding u in comparison with V . As is shown by 

Malavard in Reference 207» this assumption is not valid very 

near the ground. 

b. Channel Flow 

For high-speed ground-effect machines with side Jets, 

operating very close to- the ground (channel flow GEM), it is 

assumed that the lift and pitching moment variation with changes 

in angle of attack can be represented by assuming one-dimensional 

channel flow underneath the vehicle and using Bernoulli and con- 

tinuity equations» with an independent term accounting for the 

variation of the upper surface lift. 

c. Mound Flow 

It is assumed that, for a channel-flow GEM, the upper 

surface flow can be considered separately from the lower surface 

flow. Treating the upper surface like a mound or bump that the 

air particle must negotiate Introduces the possibility of cal- 

culating an upper-surface lift coefficient. This lift coeffi- 

cient is usually calculated approximately.  It is found that 

quite large lift coefficients can theoretically be obtained from 

the upper-surface pressure distribution by proper shaping of 

this surface. 
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[281]  Royce, W. W, and Rethorat, S. - A fundamental analysis is pre- 

sented of the aerodynamics of a three-dimensional lifting 

surface translating in proximity to the ground. A mathemati- 

cal model is formulated on the basis of a set of closed spanwise 

rectangular vortices representing the lifting surface anü its 

side Jets extending to the ground, and the corresponding image 

below the ground plane. 

The finite mass flow through this channel underneath the 

machine permits a solution by matrix methods for the pertur- 

bation flow field generated by this vortex model, thereby pro- 

viding the pressures, forces, moments, and power required by 

a GEM in forward flight. 

A closed form solution is obtained for the limiting case 

where the surface approaches the ground. The principal value 

of a vortex singularity in this limit is obtained» and it is 

shown that on the upper surface the perturbation velocity, and 

hence the lift, vanishes; while on the lower surface the vortex 

strength becomes precisely the perturbation velocity.  Thus, 

in this limit, the flow is reduced to one-dimensional channel 

flow. 

[284]  Saunders - The effect of the ground on the aerodynamic charac- 

teristics of wings is shown with the aid of a linearized two- 

dimensional model, followed by a description of a lifting-surface 

theory for finite wings of arbitrary planform.  The effects of 

ground height, aspect ratio, sweep, taper, and non-planar 

geometries are investigated.  Experimental data are found to 

compare well with theory. 
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